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Abstract: Gray wolves (Canis lupus) in parts of the United States and Europe live in networks of disjunct pop-
‘ulations, many of which are close to buman settlement. Because wolf management goals include sustaining
disjunct populations, it is important to ask what types of areas and protections are needed for population sur-
vival. To predict the effects of different levels of buman-caused mortality, we created a simulation model for a
disjunct wolf population living in a semi-wild landscape with abundant, well distributed prey. The landscape
included a maximum of 16 territories divided into core and peripberal range. The mortality rate in the core
range was 20%, whereas the mortality rate in peripheral range (40%) was bigher because of buman-caused
deaths. We examined the relationship between the proportions of core and peripberal range and the 50-year
occupancy of that range by wolf packs, given different assumptions about pup and dispersal mortality and
immigration. Simulations showed that occupancy increased as the number of core sites increased, but curve
location deperided on parameter assumptions. With pup and dispersal mortality rates consistent with those
for disease-free and legally protected populations, wolves saturated a 1G-territory cluster with as few as two
core sites,.regardless of immigration rate. When populations bad bhigh pup or dispersal mortality, as few as
two immigrants per year belped maintain bigh (>80%) site occupancy in clusters with four or more core
sites. Small numbers of immigrants were also important for sustaining colonizing populations and buffering
the negative effects of increased environmental variation. The simulations supported the claim that wolves
can survive in disjunct populations provided that wolves can move between populations, buman persecution

is not excessive, and prey is abundant.

M'ode’lado' de Poblaciones Fragmentadas de Lobo Gris en Paisajes Semi-Silvestres

Resumen: ‘En parte de los Estados Unidos y Europa, el lobo gris (Canis lupus) vive en redes de poblaciones
Jragmentadas, muchas-de las cuales se encuentran cercanas a asentamientos bumanos. Debido a que las me-
tas de manejo del lobo incluyen el sostenimiento de poblaciones fragmentadas, es importante preguntarse
que tipos de dreas y protecciones son necsarias para la sobrevivencia de una poblacion. Para predecir los
efectos de la mortalidad causada por bumanos a diferentes niveles, creamos un modelo de simulacion para
. ‘una poblacion fragmentada de lobos viviendo en un paisaje semi-silvestre, con una abundante y bien dis-
tribuida presa. El paisaje incluyé un mdximo de 16 territorios divididos en rangos medulares y periféricos.
La tasa de martalidad en el rango medular fue de un 20% mientras que la tasa de mortalidad en el rango
Deriférico fue de un 40%, siendo esta mayor debido a muertes ocasionadas por bumanos. Examinamos la rel-
_acion entre las proporciones del rango medular y periférico y la occupacion de estos rangos a lo largo de 50
afios por grupos de lobos dadas diferentes condiciones de mortalidad de cachorros, dispersion e inmigracion.
Las simulaciones muestran que la ocupacion incrementa en tanto el niimero de sitios medulares se incre-
menta, sin 'émbargo, la curva de ubicacion depende de los pardametros asumidos. Con tasas de mortalidad de
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cachorros y por dispersion consistentes con aquellas de poblaciones libres de enfermedades y legalmente pro-
tegidas, los lobos saturaron un conglomerado de 16 territorios con tan solo 2 sitios medulares, independiente-
mente de la tasa de inmigracion. Cuando las poblaciones tuvieron una mortalidad alta de cachorros o por
dispersion, tan solo 2 inmigrantes por afio ayudaron a mantener alta (>80%) la ocupacion de sitios en clus-

ters can cuatro o mas sitios medulares. Un niimero pequefio de inmigrantes fue tambien importante para

mantener colonizando poblaciones y amortiguando los efectos negativos de una variacién ambiental ele-
vada. Las simulaciones soportan la idea de que los lobos pueden sobrevivir en poblaciones fragmentadas, si-
_ empre y cuando los lobos puedan moverse entre poblaciones, que la persecucion por bumanos no sea exce- -

siva y que las presas sean abundantes.

Introduction

Conservation strategies for mammalian carnivores in-
clude the management of disjunct populations, which
are separated from neighboring populations by barriers
that restrict but do not preclude the exchange of ani-
mals (Beier 1993; Mech 19954). Managing disjunct pop-
_ ulations is important because survival at a larger regional
_ scale often depends on growth and dispersal characteris-
tics of local populations (for review see Fahrig & Mer-
riam 1994). We present a model for the dynamics of a
disjunct population of gray wolves (Canis lupus) and
make inferences about population survival under differ-
ent levels of mortality and immigration. Although our
model: was designed using life-history patterns of
_ wolves, it has features applicable to other territorial spe-
- cies. The model recognizes that the population is com-
posed of social units in which breeding is limited to
dominant adults and that the demographic success of
each -social unit depends on the quality of its habitat.
The model also accounts for the dispersal of animals be-
tween social units and the movement of animals be-
tween populations. '

As a result of human tolerance, reintroduction, and
natural repopulation, gray wolves now live in parts of
the United States and Europe from which they were
once extirpated (Promberger & Schroeder 1993; Fritts &
Carbyn .1995; Mech. 19954). Many areas recolonized by
wolves are not wilderness but highly altered landscapes
in proximity to human development. Further, many re-
colonizing populations are separated from source popu-

- lations by distances and barriers that restrict the ex-

change of animals. Because management goals often
include sustaining disjunct wolf populations, it is impor-
tant to ask what types of areas and protections are
needed for population survival. °

Recovering wolf populations in the Lake Superior re-
gion of the United States (Fig. 1) exemplify disjunct pop-
ulations in semi-wild landscapes. Although gray wolves
originally lived throughout the Lake States (Minnesota,
Wisconsin, and Michigan), European settlers nearly elim-
_ inated wolves by unregulated harvest of ungulates and
intense exploitation. By 1960 wolves were limited to the
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wilderness of northeastern Minnesota (contiguous to a
large Canadian wolf population) and Isle Royale in Lake
Superior (Mech 1970). As a result of more favorable pub-
lic attitudes and legal protection under the U.S. Endan-
gered Species Act of 1973, wolves from northeastern
Minnesota were able to colonize most of northern Min-
nesota and parts of .northern Wisconsin and northern
Michigan. In the spring of 1997 the populations in Wis-
consin and Michigan were each between 100 and 150
wolves (A. P. Wydeven, unpublished data; J. H. Hammill,
unpublished data) and the Minnesota population was at
least 2000 (W. Berg, unpublished data). The landscape
in this range was not wilderness but a mosaic of forest,
agricultural, and developed land under a variety of pub-
lic and private ownerships (Mladenoff et al. 1995). Log-
ging and agriculture created large areas of young forests
that supported large populations of white-tailed deer
(Odocoileus virginianus, Mladenoff & Stearns 1993),
the preferred prey of wolves (Stenlund 1955). Colonizing
wolves first settled in forested areas with few roads and
little human settlement (Thiel 1985; Mech et al. 1988;
Mladenoff et al. 1995). Later, wolves settled in more-
developed areas with higher road and human population
densities (Fuller et al. 1992). Parts of the population in
central Minnesota and those in northern Wisconsin and
Michigan were separated from the larger source popula-
tion in northern Minnesota by Lake Superior or large ar-
eas of less favorable habitat. Further, much of the wolf
mortality was human-caused, whether intentional, acci-
dental, or indirect through disease (Fuller et al. 1992;
Mech & Goyal 1993; Wydeven et al. 1995).

It is important to predict the fate of disjunct wolf popu-
lations in semi-wild areas because management objectives
often include protection or control. In the Lake Superior
region, for example, state agencies are developing man-
agement plans for the time when the wolf is removed
from the Endangered Species List. The few long-term
(>25-year) studies of disjunct wolf populations in North
America suggest that populations can survive in small
(e.g., 3000 km?), semi-isolated areas, provided prey is
abundant and human-caused mortality is not excessive
(Fritts & Carbyn 1995). We refine these results by simu-
lating the dynamics of hypothetical disjunct wolf popu-
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Figure 1. 'Sbaded areds show current wolf population
range in Minnesota and areas in Wisconsin and Mich-
. igan where vecolonization is occurring.

lations under different assumptions about mortality and
immigration.

Metliods _—
Considerations for Model Design

A wolf pack uSually consists of a breeding pair of wolves
and their offspring from one or more generations (Mech
1970). In the Lake Superior region, mid-winter pack size
averages four to eight wolves, about half of which are
pups (Mech 1973; Mech 1987; Fuller 1989; Wydeven et
~ al. 1995). The dominant adult female in each pack breeds
yearly, usually producing a single litter of pups in spring.
- In North America, litter size averages four to seven pups
(Mech '1970; Fuller 1989). Pups are adult-sized by winter,
" and most disperse when they are yearlings (Fuller 1989;
Gese & Mech 1991; Wydeven et al. 1995). A dispersing
wolf may pair with the opposite sex and colonize a va-
cant territory or may join another pack and replace a
" missing breeding member (Rothman & Mech 1979; Fritts
- & Mech 1981; ‘Gese & Mech 1991; Meier et al. 1995).

When both breeding adults die, the pack usually disinte- '

grates, leaving the territory vacant and creating an oppor-
tunity for recolonization (Meier et al. 1995).

A wolf population can cover thousands of square kilo-
meters with discrete but interacting packs. Wolves are
not habitat-specific; they can live wherever they have
sufficient prey and are tolerated by humans (Fuller et al.
1992; Mech 1995a). In the Lake Superior region, mid-
winter pack territories average 150-180 km? (Fuller et
al. 1992; Wydeven et al. 1995). Range expansion is facil-
itated by great variation in dispersal behavior: some
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wolves search for territories and mate only in areas near
their natal territories, whereas others move long dis-
tances (Mech 1987; Gese & Mech 1991).

Modél Structure and Parameters

Our model was a variant of one developed by Haight and
Mech (1997). The model was designed to simulate a dis-
junct wolf population living in a large, semi-wild land-
scape with abundant, well-distributed prey. The land-
scape was bounded by the assumption that it could
support a maximum of 16 pack territories. If territories
averaged 180 km? and 40% of the landscape was in inter-
stitial areas (Wydeven et al. 1995), a population of 16
packs would cover about 4000 km?. The territories were
identified as being in either core or peripheral range.
We assumed that wolves in the core range suffered less
human-caused mortality than wolves in the peripheral
range; otherwise, demographic processes did not vary.
This assumption reflected our observation that periph-
eral range is distinguished by a greater likelihood of hu-
man-caused mortality and not by lower prey availability.
By varying the number of territories in core range, we
estimated the effects of different mortality rates on pop-
ulation survival. ' '

To simulate wolf life history, we created a stage-class
model for the dynamics of each pack. The model pre-
dicted the mortality, dispersal, and birth of wolves and
the fate of dispersing wolves. The demographic parame-
ters were similar to those of wolves inhabiting northcen-
tral Minnesota (Fuller 1989) and northern Wisconsin
(Wydeven et al. 1995).

Beginning on 1 October, each pack was characterized
by the number of wolves of each sex in each of five
stages. The stages were defined based on age and breed-
ing status. The four age classes for nonbreeding wolves
were pup (0-6 months), juvenile (6-18 months), year-
ling (18-30 months), and adult (=30 months). The fifth
stage was defined for the breeding pair, each member of
which must be at least 18 months old beginning 1 Octo-
ber. Breeding took place in spring, so the minimum
breeding age was 22 months. We assumed that pups
were born in May, so the pup class contained wolves
only during the spring and summer.

The annual change in number of wolves in each pack
was calculated with the following sequence of events
(Fig. 2). The first was winter mortality. The number of
wolves that died in each life-history stage was a binomial
random variable with a mean that depended on habitat
quality. In the long-term simulations described below,
wolves in core wolf range were subject to a 20% mean
winter mortality rate, which was consistent with obser-
vations of wolves that recently colonized northern Wis-
consin and suffered little human-caused mortality (Wy-
deven et al. 1995). Mean mortality rate in peripheral
range was 40%, which was consistent with observations
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Figure 2. Seéu'ence of events used to compute the an-
nual change in number of wolves in each pack.

‘of wolf populations in northcentral Minnesota and north-
- ern Wisconsin that suffered significant human-caused
mortality (Fuller 1989; Wydeven et al. 1995).

Dispersal depended on the survival of the breeding
pair. If the breeding pair died, remaining pack members
dispersed. If one or both breeders were present, the
number of dispersers from each age class was a binomial
random variablé. Dispersal probabilities for juveniles,
‘yearlings, and nonbreeding adults were 25%, 50%, and
- 90%, respectively, so most nonbreeding wolves dis-
" persed before reaching 4 years old (Gese & Mech 1991).

We assumed that 20% of the dispersing wolves were
long-distance dispersers that immediately emigrated
from the area and thus were lost from the population.
Each remaining disperser searched the area for a suitable
site, which was defined as a vacant site or a site with an
available mate. To account for immigration from a popu-
lation outside the area, we assumed that a number of
,outsid_é ‘wolves joined this pool of dispersing wolves in
the seatch for suitable sites. By varying the number of
immigrants from zero to three wolves per year, we esti-
- mated the effects of immigration on population survival.

Each dispersing wolf (including the immigrants) was
- assumed to sample six suitable, replacement sites at ran-
dom (see Lande [1987] and Lamberson et al. [1994] for
other applications of this kind of search model). The im-
plication of this assumption was that spatial coordinates
and shapes of pack territories were not needed. The prob-
ability of finding a suitable site was 1 minus the probabil-
ity of failing to find a suitable site within the given num-
ber of trials:

o : . . 6
Prob (success) = 1- [1 - W] . ()

total no. sites
A uniform random number was drawn for each dispers-

ing wolf and compared with the probability of success.
A successful wolf was randomly assigned to a site with

Conservation Biology
Volume 12. No. 4. August 1998

Haight et al.

an available mate, and if no mate was available to a va-
cant site. An unsuccessful wolf was assumed to die.
Thus, the survival rate of dispersing wolves depended
on the maximum number of sites they were allowed to
visit and the number of suitable sites. We investigated
the effects of increased dispersal mortality by reducing
the maximum number of site visits.

Elements of our dispersal model were consistent with
observations of dispersing wolves in northern Minnesota
(Gese & Mech 1991). Those authors found that 15-25%
of juvenile and yearling dispersers moved more than 200
km and crossed more than 10 pack territories. Many of
these dispersers seemed predisposed to moving long dis-
tances rather than searching closer to their natal territo-
ries for mates. Most of the remaining wolves traveled
less than 100 km, crossing one to three territories. Many
local dispersers had already engaged in predispersal for-
ays that increased their search areas. Our assumption of
a random search process is based on the observation
that wolves tend to disperse in all directions equally,
provided there are no physical barriers to dispersal.

A litter of pups was produced in spring if a breeding
pair was present. Litter size was chosen from a discrete
probability distribution with a mean of 4.5 pups and a
range of zero to eight pups (Fuller 1989). The sex of
each pup was a Bernoulli trial with equal probability. If
only one member of the dominant pair was present, the
remaining wolves held their territory but did not pro-
duce a litter. Recent evidence suggests that mother-and-
son and sibling matings rarely, if ever, occur (Smith et al.
1997).

Pup mortality, which took place in summer, was mod-
eled as a binomial random variable with probability 0.20.
This rate was consistent with observations of disease-
free populations in Alaska and Canada (Ballard et al.
1987; Mech 1995b). In the sensitivity analysis, we in-
creased mean pup mortality rate to 40% to simulate the
effects of canine parvovirus, a disease that recently in-
fected wolves in Wisconsin and Minnesota and probably
caused significant pup loss (Mech & Goyal 1993; Wyde-
ven et al. 1995). Instead of defining a separate process
for the summer mortality of older wolves, we assumed
that any older wolves that died in summer were ac-
counted for in the winter mortality process.

Following pup mortality, the distribution of wolves in
each pack was updated by moving the surviving pups to
the juvenile stage, juveniles to the yearling stage, and
yearlings to the adult stage. The updated distribution ap-
proximated the situation in October and was the basis
for the next year’s projection.

Simulations

The first analysis was designed to check the short-term
predictive ability of the wolf model. Observations of
rates of population growth and mortality have been
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compiled from wolf population studies throughout
North America (Fuller 1989). Those observations
showed a strong negative correlation between popula-
tion growth and mortality. We compared those observa-
tions with model predictions of growth and mortality for

hypothetical wolf population. The initial population
had 24 wolves in 4 packs living in an area with a carry-
‘ing capacity of 16 packs. Population growth was com-
-puted under different mortality rates (10-50%), each ap-
plied uniformly across the cluster of sites. The
exponential rate of population growth was computed
using the predicted population size after 5 years, which
is the average time that the real populations were ob-
served. The pup mortality rate was 40%, and there was
no immigration. Predicted population size was the mean
of 1000 independent simulations.

The second analysis was used to predict the long-term'

effects of different assumptions about mortality and im-
“migration on a wolf population living in an area with a
carrying capacity of 16 packs. We designed four sets of
simulation experimcrits (Table 1). Each set included 16
_experiments obtained by varying the number of core
sites from two to eight and the number of annual immi-
grants from zero to three. For each combination of num-
ber of core sites and immigration rate, the percentage of
sites occupied at year 50 was computed as the mean of
1000 independent simulations. In the baseline set of ex-
periments (A), the large initial population was close to
carrying capacity with 14 packs, each including two juve-
niles, two yearlings, and a breeding pair. The pup mor-
tality rate was 20%, and dispersing wolves searched a
maximum of six sites. We modified this baseline set of
experiments with three one-at-a-time parameter changes.
In set B, experiments were conducted with higher pup
mortality (40%) to predict the effects of long-term inci-
dence of canine parvovirus disease. To predict the ef-
fects of increased dispersal mortality, experiments in set
C were conducted under the assumption that dispersing
wolves visited 2 maximum of two rather than six sites.
To predict the effects of-initial population size, experi-
ments in set D used a small initial population composed
of two packs in the core range.
- Finally, we tested the sensitivity of the results to in-
creased environmental variation. In population models

- such as ours that treat individuals in integer terms, there

Table 1. Parameter values for the four sets of simulation
- experiments set up to predict effects of mortality and immigration
assumptions on a wolf population.

" . Pup mortality Maximum number Initial
Set " rate of site visits population
A 0.20 6 large
B 0.40 6 large
C . 0.20 2 large
D 0.20 6 small
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are two sources of randomness in demographic pro-
cesses (Simberloff 1988). Demographic stochasticity is
the sampling variation among members of the popula-
tion obtained by treating demographic processes such
as winter mortality as binomial random variables. Envi-
ronmental stochasticity is the year-to-year variation in
the means of the binomial distributions: The simulation
experiments described above contained demographic
stochasticity but no environmental stochasticity because
demographic processes were binomial random variables
with means that were constant over time. We added en-
vironmental variation by randomizing the means of the
demographic processes and repeated each of the four
sets of simulation experiments (Table 1).

We assumed that environmental variation represented
prey fluctuations. It is well known that rates of pup mor-
tality, yearling and adult dispersal, and intraspecific mor-
tality increase when food supply drops (Messier 1985;
Ballard et al. 1987; Peterson & Page 1988; Fuller 1989;
Gese & Mech 1991). Furthermore, evidence suggests
that ungulate density depends more on the cumulative
effect of the previous winter’s snow depth than it does
on wolf numbers (Mech et al. 1987; McRoberts et al.
1995). Therefore, it was reasonable to assume that ungu-
late availability fluctuated independently of wolf density
in a nonrandom pattern involving runs of above- and be-
low-average levels.

To capture these relationships, we modeled environ-
mental variation using first-order autoregressive pro-
cesses (e.g., Granger & Newbold 1986) for the mean
rates of winter mortality, dispersal, and pup mortality.
For example, letting x(#) be the mean winter mortality
rate in year ¢ and p. be the long-term average winter mor-
tality rate, the sequence of mean winter mortality rates
was computed using

x(t+1)=Bx()+u(l1-B)+e() fort=12,..., 2

where B was the autoregressive parameter and e(#) was
a normally distributed random error with mean 0 and
standard deviation o. For each of the mortality and dis-
persal processes, we set 3 = 0.50 because it produced
runs of below- and above-average rates that lasted 3
years on average with a maximum of 20 years. This be-
havior reasonably matched our limited observations of
prey fluctuations. Because a change in prey availability
would affect rates of winter mortality, dispersal, and
pup mortality in the same way, the correlation coeffi-
cients between random error terms in the different mod-
els were 1. The standard deviations of the error terms
were 25% of the long-term mean rates.

To judge the realism of simulation model predictions,
we needed estimates of realistic levels of annual varia-
tion in demographic processes to compare with varia-
tion produced in model simulations. We estimated an-
nual variation in winter mortality, dispersal, and pup
mortality from published observations of a wolf popula-
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tion in northern Minnesota (Fuller 1989). For compari-
son we estimated annual variation in these processes
from the simulations that contained only demographic
stochasticity. Then we estimated the increase in annual
variation from simulations that contained both demo-
graphic and environmental stochasticity.

" Results

The relationship between short-term predictions of pop-
ulation growth and ‘mortality of a hypothetical popula-
tion of 24 wolves closely matched short-term observa-
tions of growth versus mortality of North American wolf
populations (Fuller 1989; Fig. 3). The exponential rates
of population- growth were negatively correlated with
mortality and suggested that population size would sta-
bilize with a mortality rate of about 35%. The shape of
the relationship between growth and mortality was
highly sensitive to the rate of pup mortality and the
- number of immigrants. With 20% pup mortality, popula-
tion growth became negative only for adult mortality
rates greater than about 45%. The relationship was simi-
lar with four immigrants per year. Increased pup sur-
vival and immigration increased the likelihood that dis-
persing wolves found mates and reproduced, thereby
offsetting the negative effects of mortality.
" Long-term predictions of site occupancy under the
- baseline set of conditions—20% mean pup mortality
" rate, low dispersal mortality, largé initial population, and
no environmental variation—suggested a favorable out-
look for the survival of disjunct populations (Fig. 4a).
Mean occupancy at year 50 exceeded 98%, regardless of
the number of core sites and the immigration rate.

0.3 -
0.2

0.1 -

0

014 - ®

0.2

Exponential rate of increase

-0.3 -
' °

0.4+

0 01 02 03 04 05 06
Annual mortality rate

Figure 3. Predicted relationship between growth and
mortality of a bypotbetical wolf population in a 16
site cluster. Data points represent observations of pop-

_ ulation growtb versus mortality from studies of North
American wolf populations (Fuller 1989).
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The population effects of immigration and the number
of core sites changed when pup mortality rate was in-
creased to 40% (Fig. 4b). With no immigration, mean
site occupancy dropped when the 16site cluster con-
tained only 2 core sites, so by year 50 fewer than 40% of
the sites contained wolves on average. Increasing either
the number of core sites or the immigration rate re-
versed this negative trend in population size. Annual im-
migration of one or more wolves on four or more core
sites resulted in populations that occupied at least 80%
of the sites in year 50.

The effects of immigration and the number of core
sites also depended on dispersal mortality. When dis-
persing wolves visited a maximum of two (instead of
six) sites in search of mates and territory, mean occu-
pancy in year 50 dropped, especially in areas with few
core sites or immigrants (Fig. 4c). For example, with no
immigration, mean occupancy in year 50 was less than
20% in areas with a two or four core sites. But as few as
three immigrants per year increased site occupancy to
80% or more, regardless of the number of core sites.

The above predictions were obtained by simulating a
large population that initially occupied 14 of the 16 terri-
tories. Predictions for a small population that initially oc-
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Figure 4. Mean occupancy of wolves in year 50 versus
number of core sites in a 16-site cluster under different
immigration rates. In the baseline set of experiments
(@), the pup mortality rate was 0.20, dispersers
searched a maximum of 6 sites, and the initial popula-
tion was large. In (b), the pub mortality rate was 0.40.
In (0), dispersing wolves visited a maximum of two
sites. In (d), the initial population was small.
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cupied two territories were different (Fig. 4d). Immigra-
tion played acrucial role in sustaining the growth of the
small population. With no immigration, mean occu-
pancy in year 50 was less-than 80% in areas with fewer
than eight core sites. With one or more immigrants per
year, mean site occupancy increased to 95% or more.

The small population went extinct more often when
‘there was no immigration. The probability that popula-
tion size was less than 10 wolves in year 50 was 36% in
an area with two core sites and 16% in an area with eight
core sites. In contrast, the small population with one im-
migrant per year went extinct less than 1% of the time,
regardless of the number of core sites.

To increase in size, the small population required im-
migration to offset mortality and increase the likelihood
that dispersing wolves found mates. Without immigra-
tion, dispersing wolves had difficulty finding mates and
left the cluster of sites. Emigration combined with mor-
tality increased the likelihood of population decline. In
~ contrast, the large population in the baseline set of simu-
lation experiments—lbw pup and dispersal mortality—
did not require immigration to sustain itself. With a large
‘number of packs initially occupying the cluster of sites,

dispersers from local packs were able to find mates.
Consequently, immigrants were not required to repopu-
late vacant sites.

Annual variation-in pup mortality produced by demo-
graphic stochasticity in the model was roughly consis-
tent with an estimate of variation in a real population.
We ‘cstim_ated the variation in annual pup mortality from
published observations of a wolf population in northern
Minnesota (Fuller 1989). The standard deviation of the
annual -pup mortality rate (0.12) was 24% of the mean
rate (0.51). For comparison, the standard deviations of
annual pup mortality rates (0.05-0.10) in the simulations

_ were 15-40% of the mean rates (0.20-0.40).
" To check the demographic stochasticity in the
- model’s mortality and dispersal processes, we computed
the agnual variation in the percent reduction in the
" number of wolves between fall and spring. In the simu-
lations the standard deviations of annual rates of loss
(0.06-0.14) were 11-25% of the mean rates (0.49-0.56).
From ‘Fuller’s (1989) observations, the standard devia-
tion of annual rate of loss (0.07) was 27% of the mean

. rate (0.26). Thus, variation in the annual rate of loss pro-

duced by the model was less than an estimate obtained
for a wild population.

Adding environmental variation by randomizing the
‘annual rates of winter mortality, diSpersal, and pup mor-
tality by means of the autoregressive model (equation 2)
increased the simulated variability in these processes be-
yond levels estimated from Fuller’s (1989) observations.
The standard deviations of simulated rates of annual pup
mortality were 50-65% of the mean rates. The standard
deviations- of the simulated rates of annual winter loss
‘were 30-50% of the mean rates.
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Adding environmental variation resulted in lower pre-
dictions of mean site occupancy than without environ-
mental variation (Fig. 5), but the reductions were small,
especially when immigration was high. With two or
three immigrants per year, for example, estimates of
mean site occupancy were 0-10 percentage points less
than those obtained without environmental variation. In
these cases immigration buffered the effects of runs of
above-average mortality and dispersal. The differences
were greater in the simulation experiments with zero or
one immigrant per year, especially when pup mortality
was high (Fig. 5b). With little or no immigration, runs of
above-average mortality resulted in more instances of
population decline and increased the likelihood of popu-
lation extinction.

Discussion

Our simulations imply a favorable outlook for the survival
of disjunct wolf populations. Using a 16-territory cluster
as a basis for prediction, we examined the relationship be-
tween the proportions of core and peripheral range and
the occupancy of that range by wolf packs, given differ-

1 pror=—rzoow
5 087 08 - = L
c i -’
3 Annual number - -
0.6 | of immigrants 061 .7 "
§ o T
c 041 0.4 4
8 a2 ///
= -
0.2 ; 0.2 ///
4] T T - 0 T T ]
2 4 6 8 2 4 6 8

Number of core sites

oY

084 -

0.6 1 -7

0.4

Mean occupancy

0.2 4

2 4 6 8
Number of core sites

Number of core sites

Figure 5. Mean occupancy of wolves in year 50 versus
number of core sites in a 16-site cluster under different
immigration rates and environmental variation. In
(a), the pup mortality rate was 0.20, dispersers
searched a maximum of G sites, and the initial popula-
tion was large. In (b), the pup mortality rate was 0.40.
In (o), dispersing wolves visited a maximum of two
sites. In (d), the initial population was small.
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ent assumptions about pup and dispersal mortality and
immigration. The simulation experiments showed that
-the level of occupancy increased as the number of core
sites and immigrants increased. With pup and dispersal
mortality rates-that were consistent with disease-free
and legally protected populations, the wolf population
saturated a 16-territory cluster with as few as two core
sites, regardless of immigration rate (Fig. 4a). When pop-
ulations had high pup or dispersal mortality, as few as
two immigrants per year helped maintain high site occu-
pancy (>80%) in clusters with four or more core sites
(Fig. 4b, ©). v

The inference from our results—that a disjunct wolf
- population will persist in a cluster of sites that is domi-
nated by lower-quality habitat—is strongly supported by
theoretical studies. Stochastic models of metapopulation
dynamics indicate that a metapopulation composed of a
sufficient number. of local populations each with a high
rate of extinction survives because dispersal leads to re-
colonization of vacated sites (Fahrig & Merriam 1994;
~ Hanski et al. 1996). Further, when birth and mortality
depend on habitat quality, dispersal from local popula-
. tions in high-quality habitat can maintain large popula-
tions in low-quality habitat in which reproduction does
not offset mortality (Pulliam 1988). In our model each
pack was a local population capable of producing many
dispersers, even in low-quality habitat. These dispersers
* rescued packs with lost breeders or recolonized vacant
sites. Of interest was our finding that reproduction and

o ‘disp'e_rsal promoted populationt survival even when the

number of peripheral sites with high mortality greatly
outnumbered the number of core sites.

" Our simulation results are consistent with those of em-
pirical studies of disjunct wolf populations in Canada
arid the United States. Over the last 60 years a popula-
“tion of 40-120 wolves has lived in and around Canada’s
Riding Mountain National Park (3000 km?), which sup-
ports an abundant, uniformly distributed prey popula-
" tion (Fritts & Carbyn 1995). The park is surrounded by
agricultural land, and-the nearest wolf population is 45
. km away. The population survived even though many of
the packs were. vulnerable to human expoitation. In the
United States dispersing wolves from northern Minne-
sota began recolonizing northwestern Wisconsin in the
late 1970s (Wydeven et al. 1995). The northwestern
Wisconsin landscape (30,000 km?) contained wild areas
each less than 3000 km? in size surrounded by lands
with higher road density and human development
(Mladenoff et al. 1995). In the 1980s a population of 15-
40 wolves lived in wild areas despite relatively high, dis-
ease-related pup mortality and high disperser mortality
from human causes. With decreasing mortality rates in
the 1990s, the population grew rapidly and reached 100
wolves in 1996.

Our optimistic outlook for disjunct wolf populations
is tempered by the vulnerability of small populations.
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Consistent with theoretical studies of the dynamics of
small populations (e.g., Ludwig 1996), our simulation
experiments predicted that small, isolated wolf popula-
tions were more likely to go extinct than larger ones be-
cause fewer dispersers were present to rescue packs
with missing breeders or to colonize vacant areas. But
immigrants greatly reduced the wvulnerability of small
populations by increasing the likelihood that dispersing
wolves would find mates, settle, and reproduce. An em-
pirical study has shown that immigration sustained a col-
onizing wolf population subject to high mortality (Fuller
1989), and the beneficial effects of immigration have
been observed in other mammalian and avian popula-
tions (Stacey & Taper 1992; Beier 1993). Consequently,
it is not surprizing to conclude that the growth of a colo-
nizing wolf population is greatly enhanced by the con-
tinued immigration of a small number of wolves from
outside sources.

Our model results clearly depended on the ability of
dispersing wolves. to find mates and vacant sites. Both
the success of dispersing wolves and the consequent
mean occupancy of the population decreased rapidly as
the maximum number of site visits decreased. If higher
dispersal mortality rates cause fewer site visits, maintain-
ing high levels of site occupancy requires the protection
of dispersing wolves as they search for mates and territo-
ries. Growing wolf populations in central Minnesota,
northern Wisconsin, and northern Michigan demon-
strate that, given protection against deliberate killing,
dispersing wolves can successfully find mates and va-
cant sites in the face of accidental human-caused mortal-
ity in semi-wild landscapes. If management objectives in-
clude sustainable harvest, then careful timing and
location of harvest activity combined with population
monitoring might prevent excessive dispersal mortality
and subsequent population decline.

It is well known that wolf abundance is positively cor-
related to prey density (Fuller 1989). Our model assumed
that an abundant, well-distributed prey population ex-
isted over a 50-year horizon. Because we assumed no
long-term negative trend in prey abundance, mean wolf
mortality, dispersal, and birth rates were constant over
time. A long-term reduction in prey abundance would af-
fect a disjunct wolf population by increasing wolf mor-
tality and dispersal rates and increasing the likelihood of
population extinction.

We did model the effects of short-term prey fluctua-
tions that result from changes in environmental factors
such as cummulative winter snow depth. The relation-
ships between the proportions of core and peripheral
range and site occupancy were not very sensitive to in-
creased environmental variation in cases where immi-
gration was high because immigrants buffered the ef-
fects of runs of above-average mortality and dispersal.
Increased environmental variation reduced site occu-
pancy the most in situations where wolf populations
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were already vulnerable: those with small numbers of core
sites and few immigrants. This result suggests that long-
term mean levels of wolf mortality and immigration are
more important to population survival than annual short-
term fluctuations i mortality and dispersal. This implies
that long-term trends in environmental factors such as hu-
man-caused mortality and prey availability are more impor-
tant to the survival of a disjunct wolf population than
“short-term fluctuations in these environmental factors.

As a result of legal protection, reintroduction, and nat-
ural repopulation,- networks of disjunct wolf popula-
tions currently éxist in different parts of the United
States and Europe where wolves had once been extir-
pated. Although some of these populations live in wil-
derness, others live in semi-wild areas with considerable
human development. Based on empirical evidence
(Fritts & Carbyn 1995) and our simulation results, we be-
lieve that wolves can survive and thrive in these net-
works, provided that disjunct populations are linked by
dispersal, human persecution is not excessive, and prey
is abundant. Further, with continued protection from

- deliberate killing of wolves, their range will expand to
semi-wild places where prey is abundant and there is
some protection from accidental human-caused mortal-
ity. Examples of range expansion include Minnesota,
Wh@ré wolves number close to 2000 (Fuller et al. 1992),
and Wisconsin and Michigan, where semi-wild areas
could potentially support more than 1000 wolves (Mlad-
‘enoff et al. 1997). As wolf numbers and range expand in
the United States and Europe, local governments and the
public will raise questions about the need for population
control, especially where wolves conflict with other val-
ued land uses (Fritts & Carbyn 1995; Mech 19954; Mlad-
enoff et al. 1997). Consequently, the current challenge
is to develop wolf management strategies that satisfy ob-
jectives of both protection and control.
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